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Chapter 8 explosive with electric blasting caps. Blasting plans
Specialized Repairs (holes spacing, size of charges, necessity for delays in

detonation of charges, etc.) are developed based on results
of previous work or test blasts. After the existing con-
crete is removed, the lock walls are sounded to locate any
areas of loose or deteriorated concrete extending beyond
the removal line. Such concrete is removed by chipping,

Approximately one-half of the Corps’ navigation lock oinging, or water blasting. The bonding surface must be
chambers were built prior to 1940. Consequently, the qioan ang free of materials that could inhibit bond.
concrete in these structures does not contain intentionally

entrained air and is therefore susceptible to deterioration
by freezing and thawing. Since more than 75 percent of
these older structures are located in the U.S. Army Engi-
neer Divisions, North Central and Ohio River, areas of gieq| in the concrete facing. Design criteria for use in

relatively severe exposure to freezing and thawing, it i yegjgn of dowels for anchoring relatively thin sections
not surprising that many of these structures exhibit signifi- (less than 0.8 m (2.5 ft)) of cast-in-place concrete facing

cant concrete deterioration. ~Depending upon exposuryere developed based on laboratory and field tests (Liu
conditions, depths of concrete deterioration can range,nq Holland 1981).

from surface scaling to several feet. The general
approach in lock wall rehabilitation has been to remove (a) Dowels should be No. 6 deformed reinforcing

0.3 10 0.9 m (1to 3ff) of concrete from the face of the a5 conforming to ASTM A 615. Typical dowel spacing
lock Wall' and replac.e it with new portlahd-cement CON-is 1.2 m (4 ft) center to center in both directions, except
crete using conventional concrete forming and placing that a maximum dowel spacing of 0.6 m (2 ft) center to

techniques (McDonald 1987b). Other approaches thatyenter may be specified in the vicinity of local openings

have been used include shotcrete, preplaced-aggregatg,g recesses, and along the perimeters of monoliths. The
concrete, and precast concrete stay-in-place forms. AlsOp,ng width of this dowelling should be at least 0.6 m
a variety of thin overlays have been applied to lock walls. @ ft).

8-1. Lock Wall Rehabilitation

(2) Concrete anchors. Dowels are normally used to
anchor the new concrete facing to the existing concrete
walls and to position vertical and horizontal reinforcing

a. Cast-in_—place concrete. The economics of con- (b) If the average compressive strength of three
ventional cast-in-place concrete replacement compared tQyjjied cores obtained from the existing concrete as deter-
other rehabilitation techniques usually depends on themined in accordance with ASTM C 42 (CRD-C 27) is

thickness of the concrete section to be replaced. FOlags than 21 MPa (3,000 psi), the embedment length
sections in the range of 152 to 305 mm (6 to 12 in.), both g41q be determined by conducting field pullout tests.
formed and nonformed techniques such as shotcrete arg, existing concrete with an average compressive

economically competitive. When the thickqess of the strength equal to or greater than 21 MPa (3,000 psi),
replacement section exceeds 305 mm (12 in.), convenyowel embedment length should be a minimum of
tional formwork and concrete replacement are generally 5 times the nominal diameter of the dowel unless a

more economical. Conventional cast-in-place concrete hagpqrter embeddment length can be justified through field
several advantages over other rehabilitation materials. 'tpullout tests. Dowels should be embedded in holes drilled
can be proportioned to simulate the existing concreteyit rotary-percussive equipment. The drill holes must be
substrate, thus minimizing strains due to material iNCOM- ¢jean and free of materials that can inhibit bond. Either a
patibility; proper air entrainment in the replacement con- ,nshrink grout conforming to ASTM C 1107
crete can be obtained by use of admixtures to ensure(CRD_C 621) or an epoxy resin-based bonding system
resistance to cycles of freezing and thawing; and mate'conforming to ASTM C 881 (CRD-C 595), Type I, or
rials, equipment, and personnel with experience in con-giher approved bonding systems should be used as the
ventional concrete application are readily available in bonding agent. The embeddment length for dowels in the
most areas. new concrete facing should be determined in accordance

) , with ACI 318.
(1) Surface preparation. Removal of deteriorated

concrete is usually accomplished by driling a line of

small-diameter holes along the top of the lock wall paral- g,q1d be field tested with the testing dispersed over the

lel to the removal face, loading the holes with light oniire surface area to receive dowels. Test procedures
charges of explosive (usually detonating cord), cushioninggpqyid be similar to those described by Liu and Holland
the charges by stemming the holes, and detonating the

(¢) A minimum of 3 dowels per 1,000 to be installed
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(1981). The embedment length is considered adequate ¥
when the applied pullout load is equal to or greater than *1 -
the calculated yield strength for the dowel in all tests. j

(d) Prepackaged polyester-resin grout has been usec
to embed the anchors on most projects, and field pullout
tests on anchors installed under_decgnditions indicate
this to be a satisfactory procedure.

(3) Reinforcement. Mats of reinforcing steel, usually e b
No. 5 or 6 bars on 305-mm (12-in.) centers each way, are ;
hung vertically on the dowels (Figure 8-1). Concrete
cover over the reinforcing is usually 100 or 127 mm (4 or
5in.). In some cases, the reinforcing mat, wall armor,

and other lock wall appurtenances are installed on the ,.,,-,,,:L,__. ) e A
form prior to positioning the form on the face of the lock 5 Wall armor and concrete reinforcement in place on the
wall (Figure 8-2). form

(4) Concrete placement. Once the reinforcement and 5 i W

formwork are in position, replacement concrete is placed
by pumping or discharging it directly into hoppers fitted
with various lengths of flexible pipe commonly known as
elephant trunks. Lift heights varying from 1.5 m (5 ft) to
full face of approximately 15 m (50 ft) have been used.
Normally, concrete is placed on alternating monoliths
along a lock chamber wall. Generally, forms are removed
1 to 3 days following concrete placement and a membrane
curing compound applied to formed concrete surfaces.

(5) Performance. One of the most persistent prob-
lems in lock wall rehabilitation resulting from use of this

b. Concrete forming being placed in position on the lock
wall

Figure 8-2. Lock wall rehabilitation, Brandon Rock
Lock

approach is cracking in the replacement concrete. These
cracks, which generally extend completely through the

conventional replacement concrete, are attributed primarily
to the restraint provided through bond of the new concrete
to the stable mass of existing concrete. As the relatively

thin layer of resurfacing concrete attempts to contract as a
result of shrinkage, thermal gradients, and autogenous

Figure 8-1. Placing reinforcing steel and horizontal volume changes, tensile strains develop in the replacement
armor prior to concrete placement, Locks and Dam concrete. When these strains exceed the ultimate tensile
No. 3, Monogahela River strain capacity of the replacement concrete, cracks
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develop. The lock monolith on the left in Figure 8-3 was
resurfaced with a 457-mm (18-in.) overlay of new
concrete. As a result of the restraint provided by the
existing concrete, extensive cracking developed. The
monolith on the right was completely removed and
reconstructed in 1.5-m (5-ft) lifts with the same concrete
materials and mixture proportions. Without an existing
concrete substrate to provide restraint, no cracking
occurred.

(@) A finite element analysis of a typical lock wall
resurfacing (Norman, Campbell, and Garner 1988) also
demonstrated the effect of restraint by the existing
concrete. Under normal conditions of good bond between
the two concretes, stress levels sufficient to cause crack
ing in the replacement concrete developed within about
3 days (Figure 8-4a). In comparison, a bond breaker af]
the interface resulted in almost no stress in the replace
ment concrete. The analysis also indicated that shrinkagg
was a significant factor (Figure 8-4b). Even the lower

bound shrinkage resulted in tensile stresses in excess df
2.1 MPa (300 psi).

Figure 8-3. Concrete cracking in resurfaced monolith
(left) compared to reconstructed monolith, Lock No. 1,
Mississippi River
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Figure 8-4. Results of a finite element analysis of a
typical lock wall resurfacing

(b) CEWES-SC recommendations to minimize
shrinkage and install a bond breaker (Hammons, Garner,
and Smith 1989) were implemented by the U.S. Army
Engineer District, Pittsburgh, during the rehabilitation of
Dashields Locks, Ohio River. An examination of the
project indicated that cracking of concrete placed during
1989 was significantly less than that of concrete placed
during the previous construction season prior to imple-
mentation of CEWES-SC recommendations. Also, resur-
facing of the lock walls at Lock and Dam 20, Mississippi
River, resulted in significantly less cracking in the con-
ventional concrete than was previously experienced at
other rehabilitation projects within the U.S. Army
Engineer District, Rock Island. The reduced cracking was
attributed to a combination of factors including lower
cement content, larger maximum size coarse aggregate,
lower placing and curing temperatures, smaller volumes
of placement, and close attention to curing (Wickersham
1987). Preformed horizontal contraction joints 1.5 m
(5 ft) on center were effective in controlling horizontal
cracking in the rehabilitation of Lock No. 1, Mississippi
River (McDonald 1987b).
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b. Shotcrete.

(1) General considerations. For repair of sections less
than 152 mm (6 in.) thick, shotcrete is generally more
economical than conventional concrete because of the
saving in forming costs. Properly applied shotcrete is a
structurally adequate and durable material, and it is capa-
ble of excellent bond with concrete and other construction
materials. These favorable properties make shotcrete ar
appropriate selection for repair in many cases. However,
there are some concerns about the use of shotcrete tc
rehabilitate old lock walls. The resistance of shotcrete to
cycles of freezing and thawing is generally good despite a
lack of entrained air. This resistance is attributed in part
to the low permeability of properly proportioned and
applied shotcrete which minimizes the ingress of moisture
thus preventing the shotcrete from becoming critically
saturated. Consequently, if the existing nonair-entrained
concrete in a lock wall behind a shotcrete repair never
becomes critically saturated by migration from beneath or
behind the lock wall, it is likely that such a repair will be
successful. However, if moisture does migrate through
the lock wall and the shotcrete is unable to permit the
passage of water through it to the exposed surface, it is
likely that the existing concrete will be more fully satura-
ted during future cycles of freezing and thawing. If frost
penetration exceeds the thickness of the shotcrete sectior
under these conditions, freeze-thaw deterioration of the
existing nonair-entrained concrete should be expected.

(2) Performance.

(@) The river chamber at Emsworth Locks and Dam,
opened to traffic in 1921, was refaced with shotcrete in P Closeup view
1959. By 1981 the shotcrete repair had deteriorated to the
stage shown in Figure 8-5. Spalling appeared to have
originated in the upper pqrtion O_f the wall where the Figure 8-5. Spalling of shotcrete used to reface river
shotcrete overlay was relatively thin and surface prepara-champer wall, Emsworth Locks and Dam
tion minimal. Deterioration apparently propagated down
the wall to a point where the shotcrete was of sufficient
thickness (approximately 100 mm (4 in.)) to contain (b) Anchored and reinforced shotcrete was used to
dowels and wire mesh. Horizontal cores from the cham-reface wall areas of both the Davis and Sabin Locks at
ber walls showed the remaining shotcrete to be in gener-Sault Ste. Marie, Michigan. After 30 to 35 years in ser-
ally good condition (Figure 8-6a). However, the original vice, the shotcrete appeared to be in generally good con-
concrete immediately behind the shotcrete exhibited sig-dition. However, cores taken from the lock walls in 1983
nificant deterioration, probably caused by freezing and showed deterioration of the nonair-entrained concrete
thawing. Cores of similar concrete from the land cham- immediately behind the shotcrete in several cases (Fig-
ber which did not receive a shotcrete overlay were in ure 8-7a). In comparison, concrete in wall areas which
generally good condition from the surface inward (Fig- were not refaced was in good condition (Figure 8-7b).
ure 8-6b). This appears to be an example of an overlayLaboratory tests of selected cores indicated the per-
contributing to the saturation of the original concrete with meability of the shotcrete to be approximately one-third
increased deterioration resulting from freezing andthat of the concrete. Also, the shotcrete contained
thawing.

8-4



EM 1110-2-2002
30 Jun 95

(c) Portions of the chamber walls at Dresden Island
Lock were repaired in the early 1950’s with anchored and
good condition after about 40 years in service. This good
performance relative to other shotcrete repairs is attributed
primarily to the thickness of the shotcrete overlay which
apparently exceeded the depth of frost penetration. Three
horizontal cores taken through the repaired walls in the
mid-1970’s indicated that the overlay is a minimum of
305 mm (12 in.) thick. The shotcrete-concrete interface
was intact and the concrete immediately behind the shot-
crete exhibited no deterioration. After more than 40 years
in service, the average depth of deterioration in the
unrepaired concrete walls as determined by petrographic
examination was approximately 215 mm (8-1/2 in.).
Assuming that the depth of frost penetration is
a. Portions of the core from two drill holes through river approximately equal to the depth of deterioration, the
chamber wall which had been refaced with shotcrete thickness of shotcrete is about 50 percent greater than the
depth of frost penetration. Therefore, the concrete behind
the shotcrete would not be expected to exhibit freeze-thaw
deterioration even though it may have been critically
saturated. Air-void data determined according to
ASTM C 457 (CRD-C 42) indicated the shotcrete had
about 3 percent total air with approximately 2 percent of
it in voids small enough to be classified as useful for frost
resistance. The air-void spacing factors ranged from
0.25 to 0.36 mm (0.010 to 0.014 in.). While these values
are larger than is desirable (0.20 mm (0.008 in.) is consid-
ered the maximum value for air-entrained concrete), they
may have imparted some frost resistance. Also, there
were no large voids or strings of voids resulting from lack
of consolidation such as have been observed with other
shotcrete specimens.

b. Portions of the core from two drill holes through land

chamber wall which was not refaced (d) The concrete in the walls of Lower Monumental

Lock has an inadequate air-void system to resist damage

caused by freezing and thawing while critically saturated.

After approximately 10 years in service, the concrete had
Figure 8-6. Comparison of cores taken horizontally deteriorated to the point that the aggregate was exposed.
from lock chamber walls, Emsworth Locks After laboratory tests and a full-scale field test which

demonstrated that a 10-mm (3/8-in.)-thick latex-modified
1.8-percent air voids compared to 0.9 percent in the con-fiberglass-reinforced spray-up coating had the potential to
crete. In areas where moisture migration did not causemeet repair requirements, which included time constraints
the concrete behind the shotcrete to become criticallyon the lock downtime that precluded conventional con-
saturated during cycles of freezing and thawing, the shot-crete replacement (Schrader 1981), the lock walls were
crete was well bonded to the concrete and there was naepaired (Figure 8-10) in 1980. In March 1983 several
evidence of deterioration in either material. However, small isolated areas of debonded coating (less than 1 per-
when cores from such areas were subjected to acceleratedent of the total area) were identified in the lock. The
freeze-thaw testing in a saturated state, the concrete comeoating in these locations was removed and the areas
pletely disintegrated while the shotcrete remained gen-resprayed similar to the original repair. Also, a fairly
erally intact (Figure 8-8). Similar cores subjected to large debonded zone in monolith 11 was repaired. A
accelerated freeze-thaw testing in a dry state remainedseptember 1983 inspection reported the original coating to
substantially intact (Figure 8-9).
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a. Concrete deterioration immediately behind shoterete overlay

b. Concrete not refaced with shoterete

Figure 8-7. Comparison of cores taken from lock chamber walls, Davis and Sabin Locks
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a. Before freczing and thawing

a. Before freezing and thawing

b. After freezing and thawing

Figure 8-9. Combination shotcrete and concrete core
before and after 35 cycles of freezing and thawing in a
dry condition

Figure 8-8. Combination shotcrete and concrete core
before and after 35 cycles of freezing and thawing in a
saturated condition
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concrete substrate immediately behind the bond line.
Moisture migrating toward the surface from within the
mass concrete was trapped at the interface because of the
low water vapor transmission characteristics of the
coating. Subsequent ice and hydraulic pressure caused the
coating to debond (Schrader 1992).

c. Preplaced-aggregate concrete Since drying
shrinkage and creep occur almost exclusively in the
cement paste fraction of concrete and since both
phenomena are resisted by the aggregate, particularly if
the coarse aggregate particles are in point-to-point contact,
drying shrinkage and creep are both remarkably less for
preplaced-aggregate concrete than for conventionally
placed concrete. The reduction in drying shrinkage
reduces the probability of cracking under conditions of
restrained shrinkage, but it is at the expense of a reduced
capability to relax concentrated stresses through creep.
The dimensional stability of preplaced-aggregate concrete
makes it attractive as a material for the rehabilitation of
lock walls and appurtenant structures, particularly if it is
successful in mitigating or eliminating the unsightly
cracking commonly experienced with conventionally
placed concrete. Its potential is further enhanced by the
fact that it can be conveniently formed and placed under-
water and that it can be grouted in one continuous opera-
tion so that there are no cold joints. Laboratory
investigation has shown preplaced-aggregate concrete to
be superior to conventionally placed, properly
air-entrained concrete inresistance to freeze-thaw damage
and impermeability (Davis 1960). Cores drilled through
preplaced-aggregate concrete overlays have shown excel-

e
a. Applying the coating with equipment that simulia-
neously sprays the mortar from one nozzle while it chops
and blows the fiber from a cutterhead

T B h ey ; - lent bond with the parent concrete.
b. Typical appearance of the lock wall before and after
repair (1) Applications.

(a) Preplaced-aggregate concrete has been used
extensively and effectively to construct or rehabilitate
many different kinds of structures, but the technique is
not one that many contractors have had experience with.
be in generally good condition. However, the coatings Successful execution of preplaced-aggregate work requires
applied earlier in 1983 had all failed after only 6 months a substantial complement of specialized equipment mobi-
in service. The major difference in the two repairs was lized and operated by a seasoned crew working under
the type of latex used. Saran was used in the originalexpert supervision. This coupled with the fact that
work, whereas styrene butadiene was used in the repairpreplaced-aggregate concrete requires stronger and tighter
which failed. It was also reported that delaminations formwork generally results in higher bid prices, as much
were common where latex spray-up material had beenas one-third higher than conventional concrete according
applied over hardened latex from a previous coating. Oneto current bid prices. Therefore, if preplaced-aggregate
possibility for this failure is that the high-pressure water concrete is the desired repair material, it must be specified
jet did not properly clean the surface of latex film prior to uniquely and not as an alternate.
application of the subsequent layer. After approximately
5 years in service, large pieces of the spray-up coating
began to fall from the lock walls. Failure occurred in the

Figure 8-10. Application of coating to lock wall, Lower
Monumental Lock
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(b) Constructed during the period 1907-1910, the lock  (b) Lock No. 5 was removed from service and, with
chamber walls at Lock No.5, Monongahela River, the exception of the land wall, razed in conjunction with
required refacing in 1950. The plans called for removal the construction of Maxwell Lock and Dam in 1964. A
of approximately 450 mm (18 in.) of old concrete from an visual examination of the remaining wall in July 1985
area extending from the top of the lock walls to about showed that the preplaced-aggregate concrete had some
450 mm (18 in.) below normal pool elevation and the cracking and leaching (Figure 8-11) but overall appeared
refacing of this area with reinforced concrete. Specifica— to be in genera”y good condition after 35 years exposure.
tions required that the concrete have a minimum 28'day'|'h|s repair demonstrates that the prep|aced-aggrega‘[e

compressive strength of 24 MPa (3,500 psi) and providedmethod of concrete placement is a practical alternative to
that concrete could be placed by either conventional orconventional methods for refacing lock walls.

preplaced aggregate methods. Also, it was required that
one of the two lock chambers be open to navigation at all
times. The low bid ($85,000) was submitted by
Intrusion-Prepakt Co. to whom the contract was awarded.
The low bid was almost $60,000 lower than the second
lowest bid. The contractor elected to perform the work
without constructing cofferdams. This method neces-
sitated the removal of existing concrete below pool eleva-
tion “in the wet,” and required that the new concrete
below pool elevation be placed behind watertight bulk-
heads to exclude pool water from the spaces to be filled
with concrete.  The contractor elected to use the
preplaced-aggregate method for concrete placement.
Details of the repair operation were reported by
Minnotte (1952).

(c) Preplaced-aggregate concrete was used in 1987 to
resurface the lock chamber walls at Peoria Lock (Mech
1989). Following removal of a minimum of 305 mm
(12 in.) of concrete, the walls were cleaned with high-
pressure water, anchors and reinforcing steel were
installed, and forms were positioned on individual mono-
liths. Typical resurfaced areas were ab@m (10 ft)
high and 12 m (40 ft) wide. The forms were filled with
water to reduce breakage of the coarse aggregate during
placement. The forms were vibrated externally with
handheld equipment during grout intrusion which took
about 8 to 10 hr of pumping for each monolith. Forms
on two of the approximately 30 monoliths had to be reset
because anchors holding the forms to the lock wall failed.

a, Overall view

(2) Performance.

(@) During the Lock No. 5 repair, preplaced- :
aggregate concrete test cylinders were made by filling b. Closeup view
steel molds with coarse aggregate and pumping the mortar
mixture into the aggregate through an insert in the base of
the molds. Compressive strengths of these 152- by 305-
mm (6- by 12-in.) specimens ranged from 20 to 30 MPa Figure 8-1_1. Cpndition of lock chamber wall 35 years
(2,880 to 4,300 psi) with an average strength of 26 MPa after refacing with preplaced-aggregate concrete
(3,800 psi). The average compressive strength of cores,
drilled from the refacing concrete 1 year later, was
37 MPa (5,385 psi).
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(c) Although the repair at Peoria Lock was generally this work were to develop a precast concrete rehabilitation
successful, the preplaced-aggregate concrete exhibite@ystem which provides superior durability with minimal
some cracking. Some of the cracks could be traced tocracking, accommodates all of the normal lock hardware
areas where the contractor had problems with the soakeand appurtenances, minimizes lock downtime, and can be
system used for moist curing. High temperatures duringimplemented at a wide variety of project sites. To
this period ranged between 35 and 38 °C (95 and 100 °F).accomplish these goals, the system was required to satisfy
Some bug holes on the concrete surface were attributed t@ well-defined set of durability, functional, constructibilty,
the method used to vibrate the forms and changing theand cost/schedule criteria (McDonald 1987a).
grout flow requirement from 18 sec to 26 sec.

(&) A wide range of alternatives for achieving the

(d) The bid price for 466 cu m (610 cu yd) of design objectives was evaluated through a process of
preplaced-aggregate concrete at Peoria Lock was $1,250alue engineering (ABAM Engineers 1987a). Based on
per cu m ($960 per cu yd, which included form work, this analysis, it was concluded that the most advantageous
aggregate, placement, grouting operation, and finishing).combination of design alternatives was a precast-quality
In comparison, typical bid prices for conventional con- concrete (minimum compressive strength of 45 MPa
crete used on other rehabilitation projects in the (6,500 psi)), conventionally reinforced, flat panel, horizon-
U.S. Army Engineer District, Rock Island, have been in tally oriented and tied to the lock wall (Figure 8-12). A
the range of $590 to $850 per cu m ($450 to $650 per cutypical panel was 165 mm (6-1/2 in.) thick, 1.8 m (6 ft)
yd) and higher for difficult construction situations. wide, 9.1 m (30 ft) long, and it weighed approximately

7 tons. The panels are tied to the lock monolith along the

d. Thin overlays A variety of thin overlays have top and bottom edges with form ties designed to support
been applied to lock walls (McDonald 1987b). In most the loads of the infill concrete placement.
cases, they have been used in areas where the depth of
deterioration was minimal, and apparently the intent was (b) To demonstrate the constructibility of the system,
to protect the existing concrete or to improve the appear-eight panels of varying sizes were precast and installed on
ance of the structure. There has been little, if any, con-two one-half-scale simulated lock monoliths (Fig-
crete removal associated with these applications. Thinure 8-13). The purpose of the demonstration was to eval-
overlays have had very little success with a number of uate the feasibility of the precast concrete stay-in-place
failures during the first winter after application. Such forming system without the risk and investment of under-
overlays are particularly susceptible to damage by bargetaking a full-scale lock rehabilitation. Results of this
impact and abrasion. work demonstrated that the precast concrete stay-in-place

forming system is a viable method for lock wall rehabili-

e. Precast concreteCompared with cast-in-place tation (ABAM Engineers 1987b). In addition to providing
concrete, precasting offers a number of advantagesa concrete surface of superior durability with minimal
including minimal cracking, durability, rapid construction, cracking, the construction cost was very competitive with
reduced future maintenance costs, and improved appearthe cost of conventional cast-in-place concrete. The dem-
ance. Also, precasting minimizes the impact of adverseonstration also identified a number of areas where the
weather and makes it possible to inspect the finisheddesign and installation procedures could be enhanced thus
product prior to its incorporation into the structure. reducing both the cost and schedule associated with the
Precast-concrete stay-in-place forms have been used suctay-in-place forming system. Development of the precast
cessfully in a number of lock wall rehabilitation projects. concrete stay-in-place forming system is summarized in a
In addition to significant reductions in the length of time video report (McDonald 1988) which is available on loan
a lock must be closed to traffic for rehabilitation, the from the CEWES Library.
precast-concrete stay-in-place forming systems has the
potential to eliminate the need for dewatering a lock (2) Applications. To date, the precast concrete stay-
chamber during wall resurfacing (ABAM Engineers in-place forming system has been used to rehabilitate four
1989). Additional information on applications of precast lock chambers, and contracts for two additional projects
concrete in repair and replacement of a variety of civil have been awarded. In addition, precast concrete panels
works structures is given in Section 8-5. have been used to overlay the back side of the river wall

of two locks. Detailed descriptions of these applications

(1) Development. A precast concrete stay-in-place (McDonald and Curtis in preparation) are summarized in
form system for lock wall rehabilitation was developed as the following.
part of the REMR Research Program. The objectives of
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Figure 8-12. Precast concrete stay-in-place forming system for lock wall rehabilitation

Figure 8-13. Demonstrating the constructibility of the precast concrete stay-in-place forming
system
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(&) The initial application of the precast-concrete stay- g
in-place forming system for lock chamber resurfacing was g
at Lock 22, Mississippi River, near Hannibal, MO, during **
Jan and Feb 1989. A total of 41 panels were precast in ¢ 4"
Davenport, IA, plant with a concrete mixture with an -
average compressive strength of 54 MPa (7,800 psi). The i\
reinforced-concrete panels were 165 mm (6-1/2 in.) thick,
3.2 m (10-1/2 ft) high, and varied in length from 5.8 to

each panel during precasting.

(b) Concrete removal began with a horizontal saw cut
at the bottom of the repairs. Line drilling, which was
accomplished prior to lock closure, and blasting tech-
nigues were used to remove a minimum of 216 mm
(8-1/2 in.) of concrete from the face of the lock walls.
Following final cleanup of the exposed concrete surface,
anchors of weldable-grade reinforcing steel were installed
to coincide with weld plates in the bottom of the panels.

(c) The panels were transported to the site by river | A B/
barges and lifted into position with a barge-mounted crane; o
(Figure 8-14). The panels were held on the sawcut Iedgei,., _‘--
while they were leveled with the vertical alignment hard- ~
ware and the bottom panel anchors were welded to the;
weld plates embedded in the panels. The top panel
anchors were then installed and welded to the embeddec '
weld plates. Each panel was aligned and welded in 2 toi -
3 hr. The space between the panels and lock wall wasg
filled with nonshrink cementitious grout. Approximately
1,070 sg m (11,500 sq ft) of the lock walls were resur-
faced. ~ The bid price for the precast panel repair, figyre 8-14. Installation of precast concrete stay-in-
including concrete removal, was $980 per sq m ($91 perpjace forms at Lock 22, Mississippi River
sq ft). Bid prices for this initial application of the precast
concrete stay-in-place forming system for lock wall reha-
bilitation were somewhat higher than anticipated. How- lock wall repairs, they are potentially applicable to other
ever, the rehabilitation went very smoothly, despite severewalls requiring underwater repair.
winter weather conditions, and the precast panels were
installed in about one-half the time that would have been (e) After the lock was reopened to navigation, the
required for cast-in-place concrete. concrete along vertical monolith joints began to exhibit

cracking and spalling caused by barge impact and abra-

(d) This application of the precast concrete stay-in- sion. Recessing the joints by cutting the concrete with a
place forming system demonstrated the potential for elimi- diamond saw eliminated this problem. The cuts were
nating the need to close and dewater a lock duringstarted at a 5-deg angle to the chamber face and 305 mm
rehabilitation. Consequently, concepts for installation of (12 in.) outside of the joints to produce a 25-mm (1-in.)-
the system in an operational lock were developed as pardeep recess at the joints. Cracked concrete along the
of the REMR research program (ABAM 1989). A mobile joints was removed with a chipping hammer, and the
cofferdam was selected as the preferred installationspalled areas were repaired with a latex-modified cement
method and a final design completed for this concept. dry pack.

This study indicated that it is feasible to repair the walls
in an operational lock with only minimal impact on costs.

"
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() Based on the experience gained at Lock 22, a Wmssar swsss=s=
number of revisions were incorporated into the design of dE
the precast panel system used at Troy Lock, Hudson #¥ESs
River, during the winter of 1991-92. These revisions
included new lifting, alignment, anchorage, and joint =&
details (Miles 1993). Also, the design was based on an ||
allowable crack width of 0.15 mm (0.006 in.) compared
to 0.25 mm (0.01 in.) at Lock 22.

(g) A total of 112 precast concrete panels were
required to resurface the lock chamber walls. A typical
panel was 190 mm (7-1/2 in.) thick, 3.6 m (11 ft 10 in.)
high, and 6.1 m (20 ft) long. Ten special panels were
required to accommodate line poles and ladders. These
panels were 521 mm (1 ft 8-1/2 in.) thick except at the
recesses where the thickness was reduced to 190 mn
(7-1/2 in.). The panels were fabricated with a 25 by ...
305 mm (1 by 12 in.) taper and a 25 mm (1 in.) chamfer
along the vertical joints to reduce impact spalling. Rein- i
forcing mats with 51 mm (2 in.) of concrete cover were |*
placed at both faces of each panel. Panel anchors werg
hoop-shaped reinforcing bars which extended 102 mm
(4 in.) from the rear face of the panel. Two erection
anchors were embedded in the top of each panel. A
concrete mixture proportioned with a 0.31 water-
cementitious ratio for a compressive strength of 48 MPa
(7,000 psi) at 28 days was used to precast the panels
The panels were fabricated in a heated building during the
winter of 1991-92.

(h) A minimum of 305 mm (12 in.) of concrete was
removed from the lock walls by saw cutting around the
perimeter of the rgmova! area, line .drilling, and explosive Figure 8-15. Installation of precast concrete stay-in-
blasting.  Following air-jet cleaning of the surface, pace forms at Troy Lock, Hudson River (Miles 1993)
anchors were grouted into holes drilled into the existing
concrete. These bent reinforcing bar anchors were located
to line up with the hoop anchors embedded in the precast (i) The top of the precast panels was capped with
panels. The majority of the panels were installed during0.6 m (2 ft) of reinforced concrete, cast-in-place. A
the winter of 1991-92 when ambient temperatures werel52-mm (6-in.)-thick apron slab was also placed on top of
generally cold, at times reaching -18 °C (0 °F). The the existing monolith wall to reduce water penetration and
precast panels were lifted from delivery trucks with a improve durability. Joints between panels and concrete
crane and lowered onto steel shims placed on the sawcutap and between cap and apron slab were sealed with
ledge. The panels were positioned with temporary hold-joint sealant. Upon completion of the lock chamber
ing and adjustment brackets, shebolt form anchors at theesurfacing, an inspection of the precast panels revealed
top and bottom of the panels at 1.2-m (4-ft) spacings, andthat 11 of 112 panels exhibited some fine cracks. Those
steel strongbacks spanning between the shebolts. Onceracks (four locations) with widths in excess of 0.15 mm
the panels were positioned and aligned, vertical reinforc-(0.006 in.) were repaired by epoxy injection. In contrast,
ing bars were manually installed from the top down to the miter gate monoliths previously resurfaced with cast-
intersect the panel and wall anchors (Figure 8-15). Oncein-place concrete exhibited extensive cracking
the bars were properly located, they were tied to the (Figure 8-16).
anchors to prevent misalignment during placement of the
infill concrete.
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Figure 8-16. Typical cracking in miter gate monoliths Figure 8-17. Installing precast concrete panels used to
resurfaced with cast-in-place concrete, Troy Lock, overlay the back side of the river wall at Troy Lock,
Hudson River (Miles 1993) Hudson River (Miles 1993)

(i) The contractor’s bid price for the precast concrete infill concrete placement. An antiwashout admixture
resurfacing in the lock chamber was only $355 per sq mallowed the infill concrete to be effectively placed under-
($33 per sq ft) at Troy Lock compared to $980 per sq m water without a tremie seal having to be maintained. The
($91 per sq ft) at Lock 22. Also, the mean bid price for application of precast concrete in this repair resulted in an
precast concrete at Troy Lock was approximately $50 perestimated savings of approximately $500,000 compared to
sq m ($5 per sq ft) lower than the mean bid price forcast- the original repair method. Also, the durability of the
in-place concrete during the same period. Although theaesthetically pleasing precast concrete should be far super-
contractor at Troy was inexperienced in both lock rehabil- ior to shotcrete which has a generally poor performance
itation and the use of precast concrete, the project pro-record in repair of lock walls.
gressed quite smoothly and the efficiencies of using
precast concrete became very obvious as the work was (I) Precast concrete panels were also used to overlay
completed. It is anticipated that as the number of quali- the lower, battered section of the backside of the river
fied precasters increases and as contractors become moreall at Lockport Lock, Illinois Waterway (Figure 8-18).
familiar with the advantages of precast concrete, the costBefore the panels were placed, the concrete surface was
of the precast concrete stay-in-place forming system will cleaned of all loose concrete with a high-pressure water
be reduced. jet. Then the precast concrete base was positioned and

anchored along the horizontal surface at the base of the

(k) In addition to resurfacing the lock chamber, pre- wall. In addition to conventional reinforcement in each

cast concrete panels were used to overlay the back side dfiréction, the precast panels were prestressed vertically.
the river wall at Troy Lock (Figure 8-17). Original plans EmMbedded items included weld plates at the bottom of the

for repair of this area required extensive removal of deter-Panels and steel angles with embedded bolts at the top of
iorated concrete and replacement with shotcrete. Thisthe panels.  Typical panels were 152 mm (6 in.) thick,
repair, which would have had to be accomplished in the 7-1 M (23.2 ft) high, and 2.3 m (7.5 ft) wide.

dry, would have required construction of an expensive

. . (m) The panels were installed with a crane. Steel
cofferdam to dewater the area. Th.efef.o re, it was dec'dedshims were placed between the panel and the base at the
that concrete removal could be minimized and the need

for a cofferdam eliminated if this area was repaired with weld plates. At the top of the panel, steel angles aligned

recast concrete panels. Three rows of precast anelWith the steel angles embedded in the panel were secured
b . P ' pre PaN€Z, the wall with bolts. After the bolted connections were
were used in the overlay. The panels were installed in

. ) ; tightened at the top of the panel, the steel shims at the
1992 while the IO.Ck was in operation. _The' bottom. row of bottom of the panel were welded to weld plates in the
panels was partially submerged during installation and
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b. River wall complete with precast concrete panels

Figure 8-18. Backside of river wall, Lockport Lock,
lllinois Waterway
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sqm ($21 per sq ft), are currently performing
satisfactorily.

f.  Summary.In the design of lock wall repairs, the
depth of frost penetration in the area should be con-
sidered, particularly in repair of old nonair-entrained
concrete. It appears that if the thickness of any repair
section is less than the depth of frost penetration, freeze-
thaw deterioration of the existing nonair-entrained
concrete should be expected. This deterioration can dras-
tically affect the performance of repair sections without
adequate anchoring systems. Also, the cost of alternative
repairs should be carefully evaluated in relation to the
desired service life of the rehabilitated structure. Only a
few years of good service, at best, should be expected of
shotcrete in relatively thin layers. However, the cost of
such a repair will be relatively low. In comparison, con-
ventionally formed and placed concrete, shotcrete, and
preplaced-aggregate concrete, each properly proportioned
and placed in thicknesses greater than the depth of frost
penetration, should provide a minimum of 25 years of ser-
vice but at successively greater initial costs. Precast
concrete panels used as stay-in-place forms should pro-
vide even greater durability at approximately the same
cost as cast-in-place concrete.

8-2. Repair of Waterstop Failures

Nearly every concrete structure has joints that must be
sealed to ensure its integrity and serviceability. This is
particularly true for monolith joints in hydraulic structures
such as concrete dams and navigation locks. Embedded
waterstops are used to prevent water passage through the
monolith joints of such structures. Traditionally, water-
stops have been subdivided into two classes: rigid and
flexible. Most rigid waterstops are metallic: steel, copper,
and occasionally lead. A variety of materials are suitable
for use as flexible waterstops; however, polyvinyl chloride
(PVC) is probably the most widely used (EM 1110-
2-2102). Waterstops must be capable of accommodating
movement parallel to the axis of the waterstop as a result
of joint opening and closing caused by thermal expansion
and contraction. Also, differing foundation conditions
between adjacent monoliths may result in relative move-
ments between monoliths perpendicular to the plane of the
waterstop. A review of waterstop failures (McDonald

base and the panel. The precast headcap sections werk986) reported leakage through monolith joints ranging
lifted into place, set on shims between the top of the from minor flows to more than 2,270 L/min (600 gal/
panel and the cap, and anchored to the wall. Backer rodsnin). In general, leakage was the result of (1) excessive

and joint sealant were used to seal all joints.

The movement of the joint which ruptures the waterstop,

1,073 sq m (11,550 sq ft) of precast panels, which were(2) honeycombed concrete areas adjacent to the waterstop,
installed in the fall of 1989 for a bid price of $226 per (3) contamination of the waterstop surface which prevents
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bond to the concrete, (4) puncture of the waterstop ormoisture trapped behind the plate; and (5) hardening of
complete omission during construction, and, (5) breaks inthe flexible pad due to aging (Schrader 1980).
the waterstop due to poor or no splices. Since it is
usually impossible to replace an embedded waterstop, b. Caulked joints. When the reservoir level can be
grouting or installation of secondary waterstops is the dropped below the elevation to which repairs are neces-
remedial measure most often used. Several types ofary, and if the joint opening is not too great, a simple
secondary waterstops have been tried with various degreeand economical repair may be possible by saw cutting
of success and expense. McDonald (1986) identifiedalong the joint on the positive pressure, or reservoir side,
more than 80 different materials and techniques that haveand then filling the cut with an elastic sealant (Fig-
been used, individually and in various combinations, to ure 8-20). The sawcut should be wide enough to span the
repair waterstop failures. Some repairs appear to havgoint and cut about 3 mm (1/8 in.) minimum into the
been successful, while many have failed. Generally, concrete on each side of it. The cut must also be deep
repairs can be grouped into four basic types: surfaceenough to penetrate any unsound, cracked, or deteriorated
plates, caulked joints, drill holes filled with elastic materials. Typically, a cut 13 mm (1/2 in.) wide by
material, and chemically grouted joints. The particular 38 mm (1-1/2 in.) deep is acceptable. The cut should
method used depends on a number of factors includingfollow the joint to its base; otherwise, water migrating
joint width and degree of movement, hydraulic pressure underneath the sealant can build up pressure in the joint
and rate of water flow through the joint, environment, behind the sealant. To perform satisfactorily, the sealant
type of structure, economics, available construction time, must set rapidly, bond to cool and damp concrete, and
and access to the upstream joint face. remain flexible under anticipated service conditions, and it
must not sag in vertical applications or extrude through
a. Surface plates. A plate-type surface waterstop the joint under hydrostatic pressure. Once problems of
(Figure 8-19) consists of a rigid plate, generally stainlesspartial extrusion due to inadequate curing were solved,
steel, spanning the joint with a neoprene or deformablethis type of repair exhibited reasonable success for several
rubber backing. The plate is attached with anchors whichyears at Lower Monumental and Little Goose Locks.
provide an initial pressure on the deformable pad. Water
pressure against the plate provides additional pressure s
that the deeper the waterstop is in a reservoir, the tightel

SAWED JOINT FILLED WITH

- i DEFORMABLE SEALANT
the plate presses to the surface of the joint. This type
waterstop has had varying degrees of success. At Joh k]
Day Lock, it has worked relatively well but at Lower "‘
Monumental Lock, it has not performed satisfactorily. ) 4
The major difference between these structures is that a >
Lower Monumental, the joint movement is more than that MONOLITH JOINT
at John Day. Potential problems with this type of repair /

include: (1) loosening of the anchor bolts; (2) reverse Y il ﬂ
hydrostatic pressure from water trapped behind the
waterstop when the reservoir drops; (3) mechanical abuse

such as a barge tearing off the plate; (4) ice pressure fronFigure 8-20. Typical sawed joint filled with sealant

c. Dirill holes filled with elastic material. This

ANCHOR BOLTS OR STUDS approach (Figure 8-21) consists of driling a large-

DEFORMABLEPAD\JHNNLESSSTER PLATE diameter hole from the top of the monolith along the joint

= T and into the foundation, and filling the hole with an elas-
tic material. Typically, the hole is 76 to 152 mm (3 to
6in.) in diameter and drilled by a “down-the-hole”
hammer or core drill. The more costly core drilling
T MONOLITH JOINT allows easy visual inspection of hole alignment along the
o joint, but the down-the-hole hammer has proven to be the
preferred method of drilling. Small underwater video
cameras can also be used to inspect hole alignment and
Figure 8-19. Typical plate type waterstop condition of the joint.
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nonflexible filler. Repairs of waterstops using acrylamide
MONOLITH JOINT grout systems have performed with varying degrees of
\‘ success. Repairs at Ice Harbor and Lower Monumental
T Locks, which have been subjected to small relative joint
' ‘?,f;-if:&g?:}:f;ﬁ%;?m movements, have performed well and are presently
functioning as designed. Similar repairs at Little Goose
Lock, subject to large relative joint movements, have not
performed well. Large movements and high pressures
caused the repair material to extrude from the joint in a
matter of months. Similar repairs at Pine Flat Dam ini-
tially stopped leakage through the repaired joints; how-
ever, when the reservoir pool was raised, subjecting the
Figure 8-21. Drilled hole with elastic filler joints to a 61-m (200-ft) head of water, the repairs failed.
The potential for extrusion of filler material in unlined
(1) Elastic filler material. The drill holes are filled drill holes subject to high heads should be recognized.
with an elastic filler material to establish a seal against
water penetration through the joint. Criteria for the filler (b) Water-activated urethane foam grout systems
require that it displace water, attain some degree of bondhave also been used as elastic fillers. These hydraulic
to the concrete surface, remain elastic throughout the lifepolymers are activated when placed in contact with water
of the structure, be practical for field application, be eco- and upon curing form a tough, flexible gel approximately
nomical, and have sufficient consistency not to extrude 10 times its original volume. One approach in using these
under the hydraulic head to which it will be subjected. If materials is to stuff burlap bags which have been
the filler material which is often in liquid form travels out saturated with the grout into the drill holes (Figure 8-22).
from the drilled hole during placement and into the joint Water in the drill holes activates the grout system causing
before it sets, better sealing can be expected. The desigthe grout to expand and completely fill the holes. Tamp-
assumption, however, is that the “poured-in-place” grouting the bags as they are pushed into the holes with drill
filler will form a continuous elastic bulb within the drilled stem will force some of the grout into the joints prior to
hole. The filler will press tightly to the downstream side gel formation. Gel times will vary with ambient and
of the hole when water pressure is applied to the upstreamwater temperatures but generally can be controlled with
side, thereby creating a tight seal. Various types of additives to be in the range of 5to 10 min. This proce-
portland-cement and chemical grout have been used as dure was used at Dardanelle Lock with a reduction in
filler. gallery leakage of approximately 95 percent. Technical
representatives for the material manufacturers should be
(a) Acrylamide grout systems have been used ascontacted for detailed guidance on specific grout systems.
elastic filler in several applications. Developed primarily
for filling voids in permeable sand and gravel foundations, (2) Liner materials. In some cases, a continuous
these systems consist of an acrylamide powder, a catalystube-type liner has been inserted into the drill hole (Fig-
and an initiator. When dissolved in separate water solu-ure 8-23) to contain the filler material. Liner materials
tions and mixed together, a gelatinous mass results. Thenclude reinforced plastic firehose, natural rubber,
reaction time can vary from a few seconds to as much aselastomer coated fabric, neoprene, synthetic rubber, and
an hour based on the proportions of the mixture and thefelt tubes. In most cases, the liners are not bonded to the
temperature. As long as the reacted mass remains in avalls at the drill holes and rely on differential pressure
moist environment, it will stay stable in size and com- between the interior of the liner and the external water
position and will remain highly flexible. If allowed to level to force the liner against the sides of the hole.
dry, its volume can decrease by as much as 90 percentObviously, any type of liner material should be of suf-
If resaturated with water, it will regain most of its original ficient flexibility to allow the tube to conform to any
properties. The mass can be given more stability, weight,voids and irregularities in the surface of the drill hole and
and rigidity through the addition of inert mineral fillers to accommodate differential movement between adjacent
such as diatomaceous earth, bentonite, and pozzolans. Imonoliths.
some early applications, portland cement was used to
thicken the grout and allow its use in open flowing holes (&) A repair procedure which was developed based
with substantial hydraulic head. However, as the cementon techniques used for in situ relining of pipelines, allows
hydrated, the grout mass hardened resulting in a
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Figure 8-23. Two-component natural rubber and
elastomer coated nylon sleeve being inserted into drill
hole, Bagnell Dam

the drill hole (Figure 8-25). Water inside the drill hole
activates the resin grout creating a bond between the
linerand the drill hole. This procedure was used to repair
three leaking joints at Pine Flat Dam in March 1985. The
drill holes ranged in depth from 58 to 78 m (189 to
257 ft) with a combined flow of 515 L/min (136 gal/min).
After repair, the flow dropped to 45 L/min (12 gal/min).
As a result of the excellent performance of these repairs,
the same procedure was used in 1993 to correct leakage
through additional monolith joints at Pine Flat Dam.

. Saturated hag on top of drill hole awaiting insertion

(b) A variety of materials have been used as fillers
inside the drill hole liners. These include water, bentonite
slurry, and various formulations of chemical grout. Crite-
ria for the filler are generally the same as those for drill
Figure 8-22. Remedial waterstop installation, holes without liners. Filler grouts should have a density
Dardanelle Lock greater than that of water and should be placed by tremie

tubes starting at the bottom of the liner to displace all

water in the liner. Once the filler material is in place, the
bonding of the liner to the surface of the drill hole. In hole should be capped flush with the top surface. The
this procedure, the liner is fabricated from thin polyure- cap should contain a removable plug for periodic inspec-
thane film with an under layer of felt approximately tion of the filler material.
6 mm (1/4 in.) thick. Prior to installation, water-activated
polyurethane resin is poured into the tube to saturate the (c) Video inspections of the drill holes before and
felt lining. The resin is distributed evenly throughout the after insertion of the liner have proven to be beneficial in
tube by passing it through a set of pinch rollers. The tube determining the exact location of the concrete-foundation
is then inserted into the drill hole, and as it is inserted interface, irregularities in the concrete surface, seepage
water pressure is used to turn the tube inside-outlocations, and adequacy of the insertion process. Also, if
(Figure 8-24). When the inversion process is complete,the inversion technique is proposed for liner insertion, the
the resin-impregnated felt is in contact with the surface of bottom 25 percent of the drill hole should be
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Figure 8-24. Inversion apparatus for installing tube in
drill hole, Pine Flat Dam

pressure-tested to determine if leakage rates in this zong
are sufficient to allow water in the hole to escape during
inversion.

d. Chemically grouted jointsChemical grouting has
been successfully used to seal isolated areas of interio
leakage such as around the perimeter of a drainage galler
where it crosses a joint and contraction joints in regulat-

EM 1110-2-2002
30 Jun 95

I

y

ing outlet conduits. Grouting has also been used to sea
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exterior joints such as those on the upstream face of
dam. Chemically grouted smooth joints often fail when
subjected to small relative movement.

(1) Interior joints.

Dam

The repair procedure consists of joint behind the waterstop (Figure 8-26).
drilling an array of small-diameter holes from various chemical grout is then injected through the drill hole.
locations within the gallery or conduit to intercept the Criteria for the injection grout require that it have low

aﬁzigure 8-25. Remedial waterstop installation, Pine Flat
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the sealant hardened, the grout tube was injected with a

DAL HOLES eROUGH RICH polysulfide sealant to fill the joints from the dam face into

EHEMICAL mummm\ T T /LD Tt the embedded waterstop. The polysulfide sealant was also
T placed on the face of the dam for a distance of 203 mm

A (8 in.) on either side of the joints. Prior to hardening of

- the sealant, a surface plate waterstop of 20-gauge stainless

steel was anchored into position over the joint.

)

e. Summary Because of a lack of appropriate test
methods and equipment, most of the materials and proce-
Figure 8-26. Joint filled with elastic grout through dures described have been used in prototype repairs with
injection limited or no laboratory evaluation of their effectiveness

in the particular application. Consequently, a test appa-
viscosity, gel or set quickly, bond to wet surfaces, be ratus was designed and constructed, as part of the REMR
suitable for underwater injection, possess good elasticresearch program, to allow systematic evaluation of water-
strength, and tolerate unavoidable debris. Water-activatedstop repair techniques prior to application in prototype
polyurethane injection resins generally meet the desiredstructures. The apparatus consists of two concrete blocks,
criteria. Gel times for these materials are normally in the one fixed and one movable, with a simulated monolith
range of 5 to 60 sec which is usually adequate for joint between the blocks (Figure 8-28). The performance
low-flow conditions.  Large-volume or high-pressure of waterstop repairs can be evaluated for water heads up
flows must be controlled during grout injection and cur- to 76 m (250 ft) and joint movements up to 10 mm
ing. Materials and methods commonly used to control (0.4 in.). Preliminary results of current short-duration
such flows include lead wool hammered into the joint, tests indicate that grouted joint repairs and most caulked
foam rubber, or strips of other absorbent materials soakedoint repairs begin to leak at joint movements between
in water-activated polyurethane and packed into the joint,1.3 and 2.5 mm (0.05 and 0.1 in.). Catastrophic failure,
oakum packed into the joint, and small-diameter pipesgenerally caused by debonding of the repair material,
embedded in the packing material to relieve pressure andusually occurs at a joint movement of 2.5 mm (0.1 in.)
divert flow. If the joint opening is greater than approxi- for polyurethane grouts and 5 to 10 mm (0.2 to 0.4 in.)
mately 2.5 mm (0.1 in.), a surface plate waterstop may befor most joint sealants. To date, the most successful
necessary within the gallery or conduit to prevent grout repair consisted of polyurethane grout injection of the
extrusion with time because of hydraulic pressure alongjoint combined with caulking of the upstream face. This
the joint. repair exhibited no leakage for joint movements up to

5mm (0.2 in.)) and a water head of 70 m (230 ft).

(2) Exterior joints. A combination of grouted joint
and surface plate waterstop techniques was used to seal
vertical contraction joints on the upstream face of the —
Richard B. Russell Dam (Figure 8-27). A permeable :
grout tube was placed in the vertical vee along the face of !
each joint and covered with an elastomeric sealant. After

1/4" EXPANSION [
ANCHOR @ 20" 0.C.

H -.: ‘
- PERMEABLE GROUT TUBE

;. ELASTOMERIC GROUT

. FACE OF DAM
20 GA. STAINLESS

POLYSULFIDE ELASTOMERIC

CLAMP BAR
STEEL WATER STOP,
16" WIDE
Figure 8-27. Combination grouted joint and surface Figure 8-28. Remedial waterstop test apparatus

plate-type waterstop, Richard B. Russell Dam
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Leakage was first observed at a joint movement of 8 mmhorizontal plate, both to stiffen the plate and to provide a
(0.3 in.) and a water head of 38 m (125 ft); however, the formed void in which to retain the grout. Individual
magnitude of the leakage was too small to measure formodules were positioned and anchored underwater using
water heads up to 76 m (250 ft). Additional repair polyester resin grouted anchors. A portland-cement grout
materials and procedures are currently being evaluateccontaining steel fibers was then pumped into the modules.
and a REMR report will be published upon completion of

these tests. In the meantime, available test results can be (1) An underwater inspection 8 months after the
obtained by contacting U.S. Army Engineer Waterways repairs showed 7 of the 30 modules had lost portions of
Experiment Station, Structures Laboratory, Concrete Tech-their steel plate ranging from 20 to 100 percent of the

nology Division, (CEWES-SC). surface area. A number of anchor bolts were found
broken either flush with the plate, flush with the grout, or
8-3. Stilling Basin Repairs pulled completely out. In those areas where steel plating

was lost, the exposed grout surfaces showed no evidence
A typical stilling basin design includes a downstream end of significant erosion.
sill from 0.9 © 6 m (3 to 20 ft)high to create a perma-
nent pool for energy dissipation of high-velocity flows. (2) A second inspection, approximately 2 years after
Unfortunately, these pools also serve in many cases tahe repair, revealed that additional steel plating had been
trap rocks, reinforcing steel, and similar debris. In most ripped from four of the modules previously damaged.
cases the presence of debris and subsequent erosioflso, an additional nine modules had sustained damage.
damage are the result of one or more of the following: Minor erosion had occurred in the stilling basin slab
(a) construction diversion flow through constricted por- upstream from the modules. The stilling basin was
tions of the stilling basin; (b) eddy currents created by reported to be free from rock and other debris.
diversion flows or powerhouse discharges adjacent to theApparently, any rock or debris discharged through the
basin; (c) construction activities in the vicinity of the structure was flushed from the stilling basin over the fillet
basin, particularly those involving cofferdams; formed by the modules at the end sill.
(d) nonsymmetrical discharges into the basin; (e) flow
separation and eddy action within the basin to transport (3) Subsequent underwater inspections indicated con-
riprap from the exit channel into the basin, and (f) topog- tinuing loss of the steel plate until the stilling basin was
raphy of the outflow channel (McDonald 1980). While dewatered for inspection and repair in 1987, 11 years
high-quality concrete is capable of resisting high water after the original repair. Following removal of silt which
velocities for many years with little or no damage, the covered most of the stiling basin floor, an inspection
concrete cannot withstand the abrasive grinding action ofindicated that approximately 90 percent of the steel plate
entrapped debris. In such cases, abrasion-erosion damageas missing. Protruding portions of the remaining plate
ranging in depth from a few inches to several feet canwere cut flush with the surface, and the leading edge of
result, depending on the extent of debris and the flowthe grout wedge was removed to a minimum depth of
conditions. A variety of repair materials and techniques 305 mm (12 in.). Isolated areas of erosion damage and
including armored concrete, conventional concrete, epoxyspalling in the grout fillet were repaired with shotcrete.
resins, fiber-reinforced concrete, polymer-impregnated The remainder of the basin received a 305-mm (12-in.)-
concrete, preplaced-aggregate concrete, silica-fume conthick overlay of portland-cement concrete (0.45 w/c).
crete, and tremie concrete have been used to repair ero-
sion damage in stilling basins. Applications of the b. Pomona Dam Prior to repair, a hydraulic model
various repair materials are described in detail in thestudy of the existing stilling basin at Pomona Dam was
31 case histories reported by McDonald (1980). Selectedconducted to investigate discharge conditions which might
case histories are summarized in the following. account for debris in the basin and to evaluate potential

modifications to eliminate these conditions. Model tests

a. Old River Control Structure Prefabricated (Oswalt 1971) confirmed that severe separation of flow

modules of steel plate anchored to the top of the end sillfrom one side wall and eddy action strong enough to cir-
and to the floor slab directly behind the downstream row culate stone in the model occurred within the basin for
of baffles were used in repair of the stilling basin at the discharges and tailwaters common to the site.
Old River Control Structure. Thirty modules, 7.3 m Photographs (Figure 8-29) of subsurface upstream flow in
(24 ft) long and varying in widths from 0.9 to 6.7 m (3 to the right side of the basin show the results of a discharge
22 ft), were fabricated from 13-m (1/2-in.)-thick steel rate of 28 cu m/sec (1,000 cu ft/sec). Based on the model
plate. Vertical diaphragm plates were welded to the
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Figure 8-29. Subsurface upstream flow in the stilling basin at Pomona Dam (after Oswalt 1971)

study, it was recommended that the most practicalsolutionslab placed on 70 percent of the upstream basin slab; and
was to provide a 0.9-m (3-ft)-thick overlay of the basin (d) a sloped concrete end sill. The reinforced-concrete
slab upstream of the first row of baffles; a 0.5-m (1.5-ft) overlay was recessed into the original transition slab and
overlay between the two rows of baffles; and a anchored to the original basin slab. The coarse aggregate
1:1 sloped-face to the existing end sill. This solution pro- used in the repair concrete was Iron Mountain trap rock,
vided a wearing surface for the area of greatest erosionan abrasion-resistant aggregate. The average compressive
and a depression at the downstream end of the basin fostrength of the repair concrete was 47 MPa (6,790 psi) at
trapping debris. However, flow separation and eddy 28 days.
action were not eliminated by this modification.
Therefore, it was recommended that a fairly large dis- (2) The stilling basin was dewatered for inspection
charge sufficient to create a good hydraulic jump without 5 years after repair. The depression at the downstream
eddy action be released periodically to flush debris from end of the overlay slab appeared to have functioned as
the basin. desired. Most of the debris, approximately 0.8 cu m
(1 cu yd) of rocks, was found in the trap adjacent to the
(1) The final design for the repair included (a) a overlay slab. The concrete overlay had suffered only
minimum 13-mm (1/2-in.)-thick epoxy mortar applied to minor damage with general erosion averaging about 3 mm
approximately one-half of the transition slab; (b) an epoxy (1/8 in.) deep with maximum depths of 13 mm (1/2 in.).
mortar applied to the upstream face of the right three The location of the erosion coincided with that occurring
upstream baffles; (c) a 0.6-m (2-ft)-thick concrete overlay
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prior to the repair. Apparently, debris was still being (2) A diver inspection of the stilling basin in 1976
circulated at some discharge rate. indicated approximately 3,600 kg (4 tons) of rock was in
the stilling basin. The majority of this rock was from
(3) The epoxy mortar overlay had not suffered any 19 to 127 mm (3/4 to 5in.) in diameter with some scat-
visible erosion damage; however, cracks were observed irtered rock up to 305 mm (12 in.) in diameter. The rock,
several areas. In one of these areas the epoxy mortapiled up to 0.38 m (1.25 ft) deep, apparently entered the
coating was not bonded to the concrete. Upon removal ofbasin from downstream. Also, piles up to 0.46 m (1.5 ft)
the mortar in this area (approximately 2 sq m (25 sq ft)), deep of similar rock were found on the slab downstream
it was observed that the majority of the failure plane from the stilling basin. Erosion up to 203 mm (8 in.)
occurred in the concrete at depths up to 19 mm (3/4 in.).deep was reported for concrete surfaces which were suffi-
Following removal, the area was cleaned and backfilled ciently cleared of debris to be inspected.
with a low modulus, moisture-insensitive epoxy mortar.
In all other areas, even those with cracks, the epoxy mor- (3) A similar inspection in August 1977 indicated
tar overlay appeared to be well bonded. that approximately 900 to 1,350 kg (1 to 1-1/2 tons) of
large, limestone rock, all with angular edges, was scat-
(4) Based on a comparison of discharge rates andtered around in the stilling basin. No small or rounded
slab erosion, before and after the repair, it was concludedrock was found. Since the basin had been cleaned during
that the repair had definitely reduced the rate of erosion.the previous inspection, this rock was first thought to have
The debris trap and the abrasion-resistant concrete werdeen thrown into the basin by visitors. When the stilling
considered significant factors in this reduction. basin was dewatered for inspection in October 1977, no
rock or debris was found inside the basin. Apparently,
(5) The next inspection, 5 years later, indicated that the large rock discovered in the August inspection had
the stilling basin floor remained in good condition with been flushed from the basin during the lake drawdown
essentially no damage since the previous inspectionwhen the discharge reached a maximum of 208 cu m/sec
Approximately 4 cu m (5 cu yd) of debris, mostly rocks, (7,340 cu ft/sec). No additional damage had occurred in
was removed from the debris trap at the downstream endhe stilling basin since the 1976 inspection.
of the basin (Figure 8-30).
(4) Significant erosion damage was reported when
c. Nolin Lake Dam. The conduit and stilling basin the stilling basin was dewatered for inspection in 1984.
at Nolin were dewatered for inspection in 1974. Erosion The most severe erosion was located behind the wall
was reported in the lower portion of the parabolic section, baffles (Figure 8-33) similar to that prior to repair in
the stilling basin floor, the lower part of the baffles, and 1975. Each scour hole contained well-rounded debris.
along the top of the end sill. The most severe erosion Temporary repairs included removal of debris from the
was in the area between the wall baffles and the end sillscour holes and filling them with conventional concrete.
where holes 0.6 to 0.9 m (2 to 3 ft) deep had been erodedAlso, the half baffles attached to each wall of the stilling
into the stiling basin floor along the sidewalls basin were removed. A hydraulic model of the stilling
(Figure 8-31). basin was constructed to investigate potential modifica-
tions to the basin to minimize chances of debris entering
(1) Dewatering of the stiling basin for repair was the basin with subsequent erosion damage to the concrete.
initiated in May 1975. The structural repair work
included raising the stilling basin floor elevation 228 mm (5) Results of the model study were incorporated
(9 in.) and raising the end sill elevation 0.3 m (1 ft). into a permanent repair in 1987. Modifications included
Nonreinforced conventional concrete designed for 34-MParebuilding the ogee section in the shape of a “whales
(5,000-psi) compressive strength was used in the repairback;” overlaying the basin floor; adding a sloping face to
A hydraulic model study of the existing basin was not the end sill; raising the basin walls 0.6 m (2 ft); paving an
conducted; however, the structure was modified in anadditional 30 m (100 ft) of the retreat channel; slush
attempt to minimize entry of debris into the basin. New grouting derrick stone in the retreat channel; and adding
work included adding end walls at the end of the stilling new slush grouted riprap beside the basin.
basin and a 15-m (50-ft)-long concrete paved channel
section (Figure 8-32). Also, a concrete pad was con- (6) The condition of the concrete was described as
structed adjacent to the right stilling basin wall to permit good with no significant defects when the basin was
a mobile crane to place a closure at the end of the stillingdewatered for inspection in August 1988. The maximum
basin wall for more expeditious dewatering of the basin.
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Figure 8-30. Stilling basin dewatered for inspection, Pomona Dam

discharge to that point had been 143 cu m/sec (5,050 cuhe end sill was below streambed level contributed to the
ft/sec) for a period of 13 days. deposition of debris in the basin. As a result, erosion of
the concrete to depths of 1 m (3.5 ft) was reported less

d. Kinzua Dam Because of the proximity of a than 4 years after the basin was placed into normal

pumped storage power plant on the left abutment andoperation.

problems from spray, especially during the winter months,

the right-side sluices at Kinzua Dam were used most of (1) The initial repair work (1973-74) was accom-

the time. This mode of operation caused eddy currentsplished in two stages; cellular cofferdams enclosed about

which carried debris into the stilling basin. The fact that 60 percent of the stilling basin for each stage, permitting
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a. Debris collected behind wall baffle

b. Erosion behind wall baffle b, After repair

Figure 8-31. Concrete erosion damage, Nolin Dam

stilling basin, 1974 Figure 8-32. Modifications to outlet work, Nolin Dam,

1975

stream flow in the unobstructed part of the stilling basin.

Approximately 1,070 cu m (1,400 cu yd) of fiber- (2) The initial diver inspection of the repair in
reinforced concrete was required to overlay the basin floorNovember 1974, 1 year after completion of Stage |
(Figure 8-34). A concrete mixture containing 25-mm repairs, indicated minor concrete deterioration in some
(1-in.) steel fibers, proportioned for 8 and 41 MPa areas of the basin floor. An estimated 34 cu m(45 cu yd)
(1,200 and 6,000 psi) flexural and compressive strengthsof debris was removed from the basin. In an effort to
respectively, was used for the anchored and bondedverify the source of this material, approximately
overlay. The overlay was placed to an elevation 0.3 m 5,500 bricks of three different types were placed in the
(1 ft) higher than the original floor from the toe of the river downstream of the basin. Six days later, the basin
dam to a point near the baffles. was inspected by divers who found numerous smooth
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symmetrical operation of the lower sluices was initiated to
minimize eddy currents that were continuing to bring
large amounts of downstream debris into the stilling basin.
The opening of any one gate was not allowed to deviate
from that of the other gates by more than 0.3 m (1 ft)
initially. This was later reduced to 152 mm (6 in). After
this change, the amount of debris removed each year from
the basin was drastically reduced, and the rate of abrasion
declined; however, nearly 10 years after the repair, the
erosion damage had progressed to the same degree that
existed prior to the repair.

(4) A materials investigation was initiated prior to
the second repair to evaluate the abrasion-erosion resist-
ance of potential repair materials (Holland 1983, 1986).
Test results indicated that the erosion resistance of
conventional concrete containing a locally available lime-
stone aggregate was not acceptable. However, concrete
containing this same aggregate with the addition of silica
fume and an HRWRA exhibited high-compressive
strengths and very good abrasion-erosion resistance (Fig-
ure 8-35). The poor performance of fiber-reinforced
concrete cores taken from the original overlay correlates
well with the poor performance of the material in the
actual structure.

(5) A hydraulic model study of the stilling basin was
also conducted prior to the second repair to evaluate
potential modifications to the structure that would mini-
mize entry of debris into the basin (Fenwick 1989). Mod-
ifications evaluated included a floating boom over the end
sill, a downstream dike both longitudinal and lateral, a
debris trap, and the paving of the downstream channel.
Also, a modification to the upper sluices to provide a
manifold to evenly distribute these flows across the still-
ing basin was investigated. It was suspected that unsym-
metrical operation of the lower sluices during the winter
months brought material into the basin, while the opera-
Figure 8-33. Concrete erosion damage, Nolin Dam tion of the upper sluices during the summer months
stilling basin, 1984 churned the debris around in the basin causing the

abrasion-erosion damage. If the debris could not be pre-
vented from entering the basin, then the next approach
pieces of all three types of brick in various sizes. This would be to prevent the swirling discharge from the upper
finding proved that the debris was being brought into the sluices from entering the stilling basin.
stilling basin from areas downstream of the end sill.

(6) Of all the alternatives investigated, it was deter-

(3) In April 1975, additional abrasion-erosion damage mined that a debris trap just downstream of the end sill
to the fiber-reinforced concrete was reported. Maximum was the least costly with the highest potential for prevent-
depths ranged from 127 to 432 mm (5 to 17 in.). ing debris from entering the basin. The other alternatives
Approximately 34 cu m (45 cu yd) of debris was removed investigated, besides being higher in cost, were subject to
from the stilling basin. Additional erosion was reported possible destruction by spillway flows. The basic purpose
in May 1975, and approximately 46 cu m (60 cu yd) of behind this plan was to stop the debris from entering the
debris was removed from the basin. At this point,
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Figure 8-34. General view of repair operations, Kinzua Dam, 1974

stilling basin by restricting upstream flows and thereby foundation. The debris trap wall was designed to with-
allowing the debris to drop into the 7.6-m (25-ft)-wide stand the hydraulic forces during spillway flows.

trap. The top of the debris trap wall was at the same

elevation as the top of the end sill and extended across (7) It was believed that the symmetrical operation of
the stilling basin width. The concrete debris trap wall the lower sluice gates would totally prevent the transpor-
was an inverted tee wall founded on a varying rock tation of material into the stilling basin. Therefore, the
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concrete was $353/cu m ($270/cu yd). Construction of a
1 — debris trap immediately downstream of the stilling basin
end sill was also included in the repair contract. The trap
was 7.6 m (25 ft) long with a 3-m (10-ft)-high end sill
that spanned the entire width of the basin.

(9) Following dewatering and a thorough cleanup,
the transit-mixed silica-fume concrete was pumped into
the basin through approximately 46 m (150 ft) of 127-mm
(5-in.) pump line (Figure 8-36). The concrete was con-
solidated with internal vibrators. Once the majority of the
concrete was in the form, the screeding operation was
started. The two vibrating screeds were connected in
tandem with the second following the first at about a
1.5-m (5-ft) interval. Curing compound was applied
immediately after the second screed passed over the
concrete.

(10) Although the placements generally went well,
there was a problem that arose during the construction:
cracking of the silica-fume concrete overlay. The widths
of cracks were from 0.25 to 0.51 mm (0.01 to 0.02 in.)
and usually appeared 2 to 3 days after placement. The
cracks were attributed primarily to restraint of volume
changes resulting from temperature gradients and, pos-
sibly, autogenous shrinkage. Several approaches,
including applying insulating blankets over the concrete,
saw cutting the slab after placing to establish control
joints, and addition of reinforcing steel mat, were
. 2 " o - w . attempted to stop or minimize the cracking; however, no

TEST TIME, HR solution was found for the cracking problem. The cracks
were not repaired because laboratory testing of cracked
specimens indicated that fine cracks do not affect abrasion
resistance.

ABPRASION-EROSION LOSE, % BY MASS

Figure 8-35. Results of selected abrasion-erosion
tests, Kinzua Dam

(11) Concrete materials and mixture proportions
debris trap would serve only as insurance against debrissimilar to those used in the Kinzua Dam repair were later
entering the stilling basin for any unanticipated reason.used in laboratory tests to determine those properties of
Although prototype studies indicated that velocities were silica-fume concrete which might affect cracking
not high enough to bring debris in, the fact remained that (McDonald 1991). Tests included compressive and tensile
debris was removed from the stilling basin annually. splitting strengths, modulus of elasticity, Poisson’s ratio,
Since the operation of the sluice gates could also beultimate strain capacity, uniaxial creep, shrinkage, coef-
controlled by the power company, there was concern thatficient of thermal expansion, adiabatic temperature rise,
the gates could be accidentally or unintentionally operatedand abrasion erosion. None of these material properties,
in an unsymmetrical manner. Previous studies indicatedwith the possible exception of autogenous shrinkage,
that unsymmetrical operation for even a few hours would indicated that silica-fume concrete should be significantly
bring in large amounts of debris. more susceptible to cracking as a result of restrained

contraction than conventional concrete. In fact, some
(8) Approximately 1,530 cu m (2,000 cu yd) of silica- material properties, particularly ultimate strain capacity,
fume concrete was used in a 305-mm (12-in.) minimum would indicate that silica-fume concrete should have a
thickness overlay when the stilling basin was repaired in reduced potential for cracking.
1983 (Holland et al. 1986). The bid price for silica-fume
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Figure 8-36. Pumping silica-fume concrete into the stilling basin from the top of the right training
wall, Kinzua Dam

(12) The potential for cracking of restrained concrete resulted in the development of eddy currents. Consequen-
overlays, with or without silica fume, should be tly, a third inspection in late August 1984 found approxi-
recognized. Any variations in concrete materials, mixture mately 75 cu m (100 cu yd) of debris in the basin. In
proportions, and construction practices that will minimize September 1984, a total of approximately 380 cu m
shrinkage or reduce concrete temperature differentials(500 cu yd) of debris was removed from the basin, the
should be considered. Where structural considerationsdebris trap, and the area immediately downstream of the
permit, a bond breaker at the interface between thetrap. Debris in the basin ranged in size up to more than
replacement and existing concrete is recommended. 305 mm (12 in.) in diameter. Despite these adverse con-

ditions, the silica-fume concrete continued to exhibit

(13) Four diver inspections were made in the year excellent abrasion resistance. Erosion along some joints
following the placement of the overlay. During the first appeared to be wider but remained approximately 13-mm
inspection (April 1984), very little deterioration was noted (1/2-in.) deep.
and the divers estimated that the curing compound was
still in place over 90 percent of the slab. The divers (14) Sluice repairs were completed in late 1984, and
recovered about one and one-half buckets of small gravesymmetrical operation of the structure was resumed. A
and a small reinforcing bar from the basin after the diver inspection in May 1985 indicated that the condition
inspection. The second diver inspection was made inof the stilling basin was essentially unchanged from the
August 1984, after a period of discharge through the preceding inspection. A very small amount of debiris,
upper sluices. Erosion to about 13 mm (1/2 in.) in depth approximately 0.1 cu m (3 cu ft), was removed from the
was found along some of the cracks and joints. Thebasin. The debris trap was also reported to be generally
divers also discovered a small amount of debris and twoclean with only a small amount of debris accumulated in
pieces of steel plating that had been embedded in the conthe corners. A diver inspection approximately 3-1/2 years
crete around the intake of one of the lower sluices. after the repair indicated that the maximum depth of ero-
Because of concern about further damage to the intakesion, located along joints and cracks, was about 25 mm
the use of this sluice in discharging flows was discon- (1 in.).
tinued. This nonsymmetrical operation of the structure
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e. Dworshak Dam A diver inspection in May 1973, (4) The underwater inspection of the stilling basin
about 2 years after the basin became operational, indicatedby diver identified isolated accumulations of gravel, rebar,
that rubble and materials from construction of the dam and other debris at a number of locations throughout the
had entered the stiling basin and had caused severdasin. Since the stilling basin had been completely
damage to the concrete. An inspection in June 1975cleaned following repair and current erosion was not
indicated that erosion had progressed completely througtsufficient to expose reinforcement or produce large-size
the 3-m (10-ft)-thick floor slab in some areas. It was esti- gravel, it was concluded that the material was entering the
mated that approximately 1,530 cu m (2,000 cu yd) of basin from downstream of the end sill. The inspection
concrete had been eroded from the stilling basin. Thisindicated no major erosion or damage. The stilling basin
extensive damage was attributed to two factors: (1) largewalls had a small amount of surface erosion (less than
amounts of construction debris deposited in the basin25 mm (1 in.)). There were several areas at the junction
prior to and during initial operation, and (2) unbalanced between the floor and wall with erosion up to 76-mm
flow into the basin because of inoperable or faulty gates(3-in.) deep. An estimated 25 percent of the surface area
in the spillway and outlet works. of the epoxy mortar had experienced some degree of

failure ranging up to 102-mm (4-in.) depths. The fiber-

(1) The stiling basin was dewatered for repair in reinforced concrete (both polymerized and non-
1975. An anchored overlay of fiber-reinforced concrete polymerized) was generally in good condition. In general,
(381-mm (15-in.) minimum thickness) was applied to the the polymer-impregnated side was probably a little better
basin floor. Flexural and compressive strengths of thethan the nonpolymerized side. There were several areas
fiber concrete mixture were approximately 6 and 55 MPa of erosion in the center of the basin to depths of about
(860 and 8,000 psi), respectively, at 28 days. Following 25 mm (1 in.) deep. Joints and open cracks in the entire
completion of the overlay, the concrete in the right half of basin (including the fiber-reinforced concrete) were the
the basin was impregnated with methyl methacrylate most susceptible to damage. Typical joints and open
monomer (Schrader and Kaden 1976). cracks in the fiber concrete had eroded up to about

25-mm (1-in.) deep at the joint and tapered out to the

(2) In areas where erosion of the original concrete original floor surface within a foot of the joint. Because
was less than the 381 mm (15-in.) minimum depth speci-of the moisture in the joints and cracks during the repair,
fied for the overlay, the design called for removal of the concrete at joints and cracks was not impregnated.
existing concrete to this depth. However, one section of
the stilling basin floor and the lower portion of the spill- (5) Four months later (Nov 1976), after some addi-
way exhibited only minimal erosion to a maximum depth tional usage of the stilling basin, a diver was employed to
of about 100 mm (4 in.). Therefore, it was decided to clean the debris from the basin and provide more infor-
repair both sections, totaling approximately 475 sq m mation on the condition of the floor. Significant com-
(5,100 sq ft), with an epoxy mortar topping. Several ments resulting from this inspection were that there were
types of epoxy mortar were used to complete this work; large areas of the concrete surface near the center of the
the primary one was a stress-relieving material which wasbasin with grooves 51 to 76 mm (2 to 3 in.) deep. These
slow curing and had a low exotherm. Several problemsgrooves, in both the polymerized and nonpolymerized
which were primarily the result of workmanship, weather fiber-reinforced concrete, were oriented in the direction of
conditions, and failure to enclose the work area occurredflow.
with the epoxy during application. Under the cool con-
ditions that existed, the epoxy mortar probably did not (6) The next diver inspection of the stilling basin in
receive full cure before the stilling basin was put back October 1977 indicated that the basin remained clear of
into service. debris. Since there had been no spill between inspections,

it was concluded that operation of the powerhouse adja-

(3) During the 7 months between completion of cent to the stilling basin would not in itself cause debris
repairs and the initial diver inspection, the basin was to enter the basin. At this point, a hydraulic model study
subjected to a total of 53 days usage (9 days from theof the stilling basin was initiated.
spillway gates and 44 days from the regulating outlets).

The spillway and outlet gates were operated symmetri- (7) The 1:50-scale model demonstrated that debris
cally (or very close to it) for all spills. Total flows varied moved upstream into the stilling basin area as a result of
between 59 and 566 cu m/sec (2,100 and 20,000 cuflow conditions at the end of the structure when the spill-
ft/sec), with the majority being on the order of 85 to way was in use (U.S. Army Engineer District, Walla

283 cu m/sec (3,000 to 10,000 cu ft/sec). Walla 1979). Eddy action at the edges of the outflow
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flume moved 16- to 254-mm (5/8- to 10-in.) gravel and f.  Chief Joseph Dam The stilling basin at Chief
cobble near the basin into the runout excavation along theJoseph Dam is approximately 280 m (920 ft) wide and
ends of the basin walls only. This material was carried to 67 m (220 ft) long and is divided into four rows of con-
the upstream edge of the end sill by the roller beneath thecrete slabs approximately 20 m (65 ft) wide, 15 m (50 ft)
flow separating from the sill. Occasionally, the highly long, and 1.5 m (5 ft) thick. Extensive areas of eroded
turbulent flow lifted from the edge of the sill and the concrete were discovered in the stilling basin during an
bottom roller swept material into the basin. With time, underwater inspection in March 1957, 2 years after the
sizeable amounts of debris accumulated in the basin. Theproject became operative. By 1966, erosion had pro-
tendency was that the higher the discharge, the greater thgressed to maximum depths of approximately 1.8 m (6 ft),
movement of material into the basin. with the most severe erosion located in areas between the
row of baffles and the end sill. Because of the high cost
(8) A 6.1-m (20-ft)-high, 1.5-m (5-ft)-thick sill across of dewatering, it was decided to repair the basin slabs
the baan 3 m (10 ft) upstream from the existing end sill underwater using preplaced-aggregate concrete and
of the same height formed a rock trap that effectively pumped concrete.
confined debris coming into the basin. Sills of lower
heights were investigated but were unsatisfactory. Low (1) In the preplaced-aggregate concrete operations,
walls that extended downstream from the basin walls wereconcrete buckets containing the coarse aggregate were
also effective in stopping movement of debris into the guided into position and dumped by a diver. Screeds on
basin. Sheet-pile walls that were 4 m (13 ft) higher than preset edge forms were then used by the divers for level-
the downstream channel and extended 15 m (50 ft) down-ing the aggregate to the proper grade before placing the
stream, 1.8 m (6 ft) beyond the end of the runout excava-top form panels. Grout pipes were driven the full depth
tion, blocked the movement of debris at the ends of theof the coarse aggregate. The grout mixer and pumps
basin walls. However, a check of prototype site con- were set up on a training wall and grout was first pumped
ditions revealed that the area was in rock and thereforethrough grout pipes in the deepest area of the placement
unsuited for sheet piles. A second wall-extension planuntil a return appeared through the vent pipes surrounding
had low fills 7.6 m (25 ft) long and a minimum of 1.2 m that area. These were plugged with corks when good
(4 ft) high (Figure 8-37), which might be constructed of sanded grout appeared. When grout appeared in the next
tremie concrete. Although lower and shorter, the fills row of vent pipes, the grout hose was moved to an adja-
were as effective as the sheet-pile walls in stopping debriscent pipe and the grout hole plugged. This procedure was
movement and confining the bottom roller. The fills were continued until the entire form had been pumped.
recommended as the best plan for debris control. Approximately 61 cu m (80 cu yd) of preplaced-aggregate
concrete was required in the repair.
(9) Extension of the right training wall was completed
in February 1980. The stilling basin was inspected in (2) In the pumped concrete operations, concrete was
September 1981 by use of an underwater televisionbatched at a local supplier and delivered to the site in
camera. No additional damage was observed during thdransit mixers. At the site, the material was placed in a
inspection. The stilling basin was generally clean exceptcollection hopper on a training wall and delivered from
for a thin skiff of fine material which had settled on the this point through a 254-mm (10-in.) pipe into concrete
bottom since the spillway was last used in the spring of buckets on a barge for ferrying to the pump sites. From
1981. this point the concrete was pumped through a 76-mm
(3-in.) hose. The last 0.6 m (2 ft) of this hose was fitted
(10) Inspection of the stilling basin was performed by with a metal tube to allow ready insertion of the conduit
divers with an underwater video camera in October 1983.into the concrete when the surface leveled off. A clamp
Several small areas of apparent erosion were identified orwas located just above the metal tube to provide the
the upstream left side of the basin floor. It was difficult required valve action and allow the placement to be con-
to determine whether these areas were, in fact, erosion ofrolled by the diver. The concrete mixture produced a
the concrete or remnants from previous stilling basin workable material that was easily placed and produced a
repairs. During past polymerization of concrete surfaces,smooth even surface. Surface slopes estimated at 12:1
thin layers of sand adhered to the surface, resulting in awere achieved. The measured surface area of pumped
rough texture. This may explain what appeared to beconcrete was 367 sq m (439 sq yd).
minor erosion damage.
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Figure 8-37. Stilling basin wall extension fills, Dworshak Dam

(3) The repairs were accomplished in Septemberpumped concrete where the design mixture was too stiff.
through December 1966. During the high-water season inA detailed inspection of the stilling basin conducted in
1967, the repairs were subjected to peak discharges 0974 indicated there had been no extensive erosion of the
12,230 cu m/sec (432,000 cu ft/sec), a flow with a stilling basin since the repairs were made.
frequency of recurrence of about once in 6 years. A
December 1967 inspection of the repairs showed the g. Summary The repair materials and techniques
preplaced-aggregate concrete surfaces to be in excellendescribed in the preceding case histories have been in
condition. The pumped concrete was reported to be inservice for various lengths of time and have been exposed
good condition with only minor surface damage noted. to different operational conditions as well as different
The worst damage occurred to the first placement oflevels and durations of flow. This dissimilarity makes
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any comparison of the relative merits of the various sys-203 mm (8 in.) deep after less than 1l-year exposure at
tems difficult at best; however, a number of general Nolin Lake Dam. In comparison, conventional concrete

trends are apparent. containing abrasion-resistant trap rock aggregate had
general erosion of only 3 to 13 mm (1/8 to 1/2 in.) after
(1) Materials. 10 years exposure at Pomona Dam. The abrasion resis-

tance of conventional concrete containing the limestone

(@) The resistance of steel plate to abrasion erosion isaggregate locally available at Kinzua Dam was unaccept-
well established; however, it must be sufficiently anchored able. However, concrete containing this same aggregate
to the underlying concrete to resist the uplift forces and with the addition of silica fume and an HRWRA has
vibrations created by flowing water. Welding of anchor exhibited excellent abrasion-erosion resistance. Unlike
systems as nearly flush with the plate surface as possibleoncretes containing or impregnated with polymers, con-
appears more desirable than raised-bolt connections. Ircretes containing silica fume are economical and are read-
any case, the ability of the anchor system, including anyily transportable and placeable using conventional
embedment material, to perform satisfactorily under the methods.
exposure conditions, particularly creep and fatigue, should
be evaluated during design of the repair. (2) Revised Configuration.

(b) It is feasible to use prefabricated panels or cast- (a) The steel modules anchored to the stilling basin
in-place concrete in underwater repair of stilling basins. slab and the top of the end sill at Old River Low Sill
The inherent advantages of each procedure should bétructure essentially created a sloping end sill.  Appar-
considered in those cases where it is extremely difficult ently, any debris discharged through the structure is being
and expensive to dewater a structure to make repairdlushed from the basin over this fillet, since diver inspec-
under dry conditions. Prefabricated elements for tions have reported the basin to be free from debris.
underwater repair of stilling basins were investigated asWhen the stilling basin at Pomona Dam was dewatered
part of the REMR research program (Rail and 5 and 10 years after repair, minimal amounts of debris
Haynes 1991). Guidance on underwater repair of con-were found in the stilling basin. However, it is difficult
crete is given in Section 8-6. to determine if these relatively small amounts of debris

were influenced by the addition of a sloping end sill.

(c) Minimal erosion of the fiber-reinforced grout at
Old River Low Sill Structure has been reported. How- (b) A debris trap was provided in the Pomona Dam
ever, the location of this material on a 1-in-7 slope at the stilling basin by eliminating the 0.6-m (2-ft)-thick repair
end sill should significantly reduce the potential for the overlay in an area between the downstream baffles and
presence of abrasive debris on surface of the repair matethe end sill. The debris trap appears to have functioned
rial. The fiber-reinforced concrete failed under the severeas planned because most of the debris found in subse-
abrasion condition at Kinzua Dam. Also, the poor perfor- quent inspections was located in the trap adjacent to the
mance of fiber-reinforced concrete cores in abrasion-raised overlay slab. Strong circulatory currents within the
erosion tests correlated well with the poor performance ofstilling basin appear to have negated any effect of the
the material in the actual structure. After 1-year exposureshallow debris trap incorporated into the original repair at
to limited discharges at Dworshak Dam, fiber-reinforced Kinzua Dam. Following the adoption of symmetrical
concrete (both polymerized and nonpolymerized) wasdischarges, the small amounts of debris present in the
eroded to maximum depths of 51 to 76 mm (2 to 3 in.).  stilling basin were located in areas of erosion throughout

the basin. The debris trap with a 3-m (10-ft)-high end sill

(d) An estimated 25 percent of the epoxy mortar at included in the second repair was also unable to prevent
Dworshak Dam had failed, probably because of workman-downstream debris from entering the basin under the
ship, weather conditions, and lack of sufficient curing severe hydraulic conditions at Kinzua Dam.
during construction. No erosion damage to the epoxy
mortar was visible at Pomona Dam; however, there were (c) The stilling basin at Nolin Lake Dam was modi-
several areas of cracking and loss of bond attributed tofied during both repairs. In the second repair, modifica-
improper curing and thermal incompatibility with existing tions were based on the results of a hydraulic model
concrete. study. These modifications appear to have eliminated

previous erosion problems. The extension of the training

(e) Conventional concrete proportioned for 34-MPa wall at Dworshak Dam appears to have enhanced the
(5,000-psi) compressive strength exhibited erosion up toperformance of the stilling basin.
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(3) Operations. (b) In many cases, underwater repair of stilling
basins with prefabricated elements, preplaced-aggregate
(@) Model tests of the stilling basin at Pomona Dam concrete, pumped concrete, or tremie concrete is an eco-
verified that severe separation of flow from one sidewall nomical alternative to dewatering a stilling basin for
and eddy action within the basin occurred for dischargerepairs under dry conditions. Even when a stilling basin
and tailwater conditions common to the prototype. Also, is dewatered, it is often difficult to dry existing concrete
these tests revealed that the eddy within the basin wassurfaces because of leaking cracks and joints. Materials
capable of generating considerable reverse flow from thesuitable for repair of wet concrete surfaces were identified
exit channel with the potential to transport riprap from the and evaluated as part of the REMR research program
channel into the basin. Based on the model tests, guid{Best and McDonald 1990b).
ance as to the discharge and tailwater relations required to
flush debris from the basin was developed. Following (c) Additional improvements in materials should
implementation of the most practical material and hydrau- continue to reduce the rate of concrete damage caused by
lic modifications, the stilling basin is performing quite erosion. However, until the adverse hydraulic conditions
well. that caused the original damage are minimized or elimi-
nated, it will be difficult for many of the materials cur-
(b) Because of the proximity of a pumped-storage rently being used in repair to perform in the desired
power plant on the left abutment and problems from manner. Prior to major repairs, model studies of the
spray, especially during the winter months, the right-side existing stilling basin and exit channel should be con-
sluices at Kinzua Dam were used most of the time. Thisducted to verify the cause(s) of erosion damage and to
usage caused a circulatory current that carried debris fronevaluate the effectiveness of various modifications in
downstream over the end sill, which is below streambedeliminating undesirable hydraulic conditions.
level, into the stilling basin. Under these conditions, an
average of 39 cu m (50 cu yd) of debris was removed (d) In existing structures, releases should be control-
from the basin during each of three inspections within the led to avoid discharge conditions where flow separation
7 months following completion of repairs. At this point a and eddy action are prevalent. Substantial disc